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l.  SIMMARY

Hiller Helicopters received Contract Yonr 219%(00) from the Office of
Xaval Research to conduct theoretical and prelizinary design studies of
the application of ducted progellers as direct 1ift devices for a spec-
ialized wight-1ifting vehicle. %Work on this contract was begun on 15
October 1950, to be completed one year from that date. After several
months of investigation, it was determined that to refine these studies
would be unjustified and possidbly misleading, in light of the gross as-
sumptions nece3sary concerning the forces and somants produced by a
ducted propeller, For this reason the original prograx was concluded

1 June 1957,

Tho aircralt design requirements used for the Weight Lifter study were
specifiod as follows:

a. Vertical take-off and landing capability at a sea-level standard
day.

b, Ability to hover at a sea-level standard day with satisfactory
control,

c. Installed horsepower 20f greater than that necessary to hover, to
allow for power needed to cliamb,

d. Powerplant and propeller specifications as expected by 1962.
e. A ainimum forward cruise speed of 50 to 70 knots.
f. A range of aircraft sizes to carry from 7 to 16 tons payload.

A survey of previous studies indicated that ducted propellers are con-
sidered to be a quite satisfactory means of powering a vertical take-off
weight-1lifter type aircraft, as their static thrust is considerably
higher than for unshrouded propellers, thereby reducing the required
horsepower. Also, the Weight Lifter uses conventional components and
construction methods wherever possible, which contributes to lower cost
and increased reliability. An example of this is the use of conventional
variable pitch propellers,

As no mission was specified, all calculations were made on the basis of
the hovering requirement, and the maximum forward flight speed of 150
knots was the result of the horsepower installed to hover at an opti-
mized disk loading. The lack of theoretical or empirical data for ducted
propellers in forward flight has necessitated the use of calculations
based on momentum theory to determine the performance of the aircraft in

this study.
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This study began with an analysis of five dbasic configurations, described
briefly belox and shown in Fizures 1 through S.

a. 7Two ductad propollers, each mounted at the tip of a stralght wing
of a conventional transport type aircraft,

b. Two ducted propellers =ounted on the fuselage botween wo wings,
similar to a canard design.

c. Three ducled propellers bullt into a gelta flying wing.

d. Two ducted propellers mounted on the fuselage, replacing wings of

a conventional transport type aircraft.

e. Four ducted propellers mounted on a fuselage, replacing wings and
tail surfaces.

A3 always, the cost of an alircralft is dirvctly assoclated with {ts weight;
therefore, a weight criterion for chooaim n configuration in the pre-
llninar:, design stage is necessary. In this study, an acaptation 9l the
fp Graphical Method of Aeferencel0 is used, translating all weight values
to a ratio of fel weight to ¢ross weight, Re, for direct comparison.

The four basic parameters of this study are gross weight, number of ducts,
payload, and disk loading.

For the conventional components and equipment of the aircraft, suitadble
welght equations were adopted from previous studies. If existing equa-
tions did not apply, an adjustment was made by actually designing the
unconventional component and developing a new weight equation to suit
the provisional design.

The Weight Lifter preliminary design was determined as a result of an
analysis of the five configurations listed above and a subsequent opti-
mization of various parameters for the selected configuration. The op-
timization was based on a criterion of maximum payload ton-mile per
pound gross weight. The corfiguration that emerged as best is shown in

the Frontispiece.

As the study progressed, it became apparent that internal cargo stowage
would be more satisfactory than external loading. It is now believed

that the weight penalty for a large furselage would not be as severe as
anticipated. This conclusion was reached after considering that special

from weather and the strong propeller “downwash and its accom panying flying
debris during take-off and landing. Also, the flight speeds and ranges
possible with the final configuration are largely dependent upon a clean

design.

: counnmmﬁ




The ducted progellers are positioned horizontally o grovide dlirect 1ift
for hovering and vertical flight, and may be tilted forward 55 degrees
Lo provice forward propulsion as well., The counler-rotating propellers
ape powored Lhrough extension drive shafis by several Interconnected
turboshall engines mounted on U.€¢ LOp 0f w.e fusclage., mly turboshaft
powerplants have been consicered i this study, due Lo their high horse-
pover-to-weight ratio. Whlle no specific engine mare has been assumed,
representative weights ans performance values have been used,

The residual thrust of We Wrboshaft engines {8 ducted through the
fugseloyea boom 10 a thrust-diverting nozzle al the aft of the alrcraft,
and provides the ,.u-* and yaw control forces in hovering and low-speed
flight, The lall surfaces furnish piich and yax control in forward
flight, and the msir.*ua? thrust {o then utilized W supplement the for-
ward propulsive force of the tilted cucted propellers. 2oll control is
suprlied by differcnatial thrust of the ductled propellers, both {n hover-
ing and forward flight.

The Weight Lifter design has been oplimized at various overall sizes Lo
accomodata the specified range of payload, as shown in the following
table. OUptimum disz loading was found to be 150 pounds per square fool
for all values of gross weight.

Payload tons 16 tons
Gross Welght 60,L00 1b 135,000 15
Power Required &,200 HP 40,800 HP
Jucted Progeller Lia, 1¢ It 6.7 ft
Range 160 n.mi. 135 n.afl,
Max. Velocity 150 knots 150 knots

The thiee-view drawiny sec1 in Fipgure 19 is of a representative aircraft,

designed to accomodate an average payload of 1l tons.

A lack of certain theoretical and experimental information on ducted
propellers has necessitated gross ascumpt.ions in t.he calcula t.ions in-
volved in this analysis. In order to refine this study, a follow-on

ducted propeller wind tunnel test program has been suggested by this
contractor,

CONFIDENTIAL
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de  INTRIOUCTION

Hiller Helicopter: received Contract Nonr (19%(CC) from the 0Office of
Naval RBesearch Lo condict theoretical and preliminmary design studies of
the application of ducted projellers as direct lift devices for a spoc-
ialized weight 1iftiny vehicle., Wwork on lnis contract was begun on )
cohor 1950, Lo be completed one year from thal date. Afler geveral
montha of investigation, it wxas detemined that to refine Lthese studies
would be unlustified and posaibly =isleading, in light of the gross as-
sumptions necessary concerning the forces and momenls produced by a
ducted propellor. For thiys reason, the origzinal progra= was concluded

v g
on 1 June 1957,

This study has consisted of Uworetical ans analytical investigations

of several posaible Welght Lifter configurations. The configurations
which apreared 203t sat{afaclory wure selected for ‘urther design studles
to optiaize the physical, perfomance, and control characteristics., This
rerort reviews the investigations anc design philoscphies which led to
the Tinal configsuration selection, and summarizes the resulis of the study
progran. Performance figures are presented for both the ducted progeller
and the complete alrcraft. Welghts and important details of the struc-
tural design are also included.

The aircralt design resuirements usec for the Weight Lifter study were
specified as follows:

a. ‘ertical take-off and lanuing capability at a sea-level standard
day.

b, Abllity to hover at a sea-level standard day with satisflactory
control.

c. Installed horsepower 20f greater than that necessary to hover, to
allow for power needed to climb.

d. Powerplant and propeller specifications as expected by 1962.
e. A minimum forward cruise speed of 50 to 70 knots.
f. A range of aircraft sizes to carry from 7 to 16 tons payload.

As the study progressed, it became apparent that internal cargo stowage
would be more satisfactory than external loading. This is due in some
measure to the strong downwash associated with the high disk loadings
called for in this study. Also, the flight speeds and ranges possible
with the final configuration are largely dependent upon a clean design.
Provision may be made, however, for emergency external loading of very
bulky articles which need to be moved only short distances at low speeds,
and for such occasions when cargo must be loaded or unloaded without

; CONFIDENTIAL
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It is now believed that Lhe welight ienalty For a large fuselage woild

not be as severe af anticipated. Tuls conclusion wag reached after con-
giderins that special cargo containers would dbe nucesgary Lo protect
sany of the tyyus of cargo from vealler and the $trong progelier downvash
and 115 accompanyling flylng debris durlng take-off and landing. This is
especially true of troops and assembled equipment containing glass, light
matals, or Tabric. A separate cargo container of this Yye would not
contribute Lo the load-bearing =tructure of the alrcraft, therefore, the
total effuctive welght of the cargo contaliner and airframe may well be

as great as that of the !nternally loaded alrcrafl: .

nly turooshalt powerplants have beern considered in Lhis study due to
thelr high horsepower-to-weignt mtic. While no specific wrboshalt
engines have been assumed, representative weights and performance value
have becn used.

The iocation of the engines haz a greatl dea. 0 2o with the welght and
the configuration of the alrfrare; therciore, Uhe salety alrcralt per-
formance, controi, and reliadliity of varifous engine locations have been
considered in deternining the optimunm Welght iifter.

’ CONFIDENTIAL
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3o APFHOACH TO THE PRO3IEM

3.1 Jucted Propeller Charactaristics

T™he basic desiygn provlies of this study was We {avestigation of a 3ys3-
en 0F ducled propallers mounled anoul a cargo careylng fusélage., A
survey of previous studles (Referonces 1. 7, andg }) has 1ngicated 'ha
ducled projellory are consldercd LO Lo a ulite zatisfactory =means of
powering a vertical taze off welgnt 1ifter type atrcralt. The .isfted
lest data avallable on ducted progelicrs indicale that their stati-
thesst s congldombly higsher than for unshrowded progel.crs, thervby
reducing the horscpower resuired 1o hover. LuCled gropeller type air
¢raft offer another advantaze in thal Lhey utiilze componenls which have
baen previously devwloped under extensive fixed wins alrcsaft dovelop
wnl programs, and therefore alspiay relatively low Tlisht nolr cost por

pound ¢roas welight Beferonce L.

.
«no lace of theoreticai or empirical i1

" T “« r ol ’ . ] Y ey § 74 v
N s0oMMame 1Adlhl ha Coddata%e Lo udq OF Cu.Cusntlions ajsey on
10 uglermine the perlommance 0f the alrcraft lr

ca. J2ata Tor inc.ined ductled rrojelilor
| i X

sormntlus theoys LR B
study. .ucted rropeiler ritching moments were obtalnec largeis rom

the iiller Fiying Platforn trice tests (Aeference y).

3. Work Staterment

Y ¢

The »asic desiyns investipented {n this sty are deiefly described a
follows

a. Two ducted propellers, each mounted al the tip ol a straisht wing
of a conventional transport type alrcraft,

b, Two ducted propellers mounted on the fusclage between two wings;
similar to a canard desiyn.

ey,

c¢. Three ducted propellers buill into a delta flyiny wing.

d. Two ducted propellers mounted on the fuselage., replacin; wings of
a conventional transport type aircraf®.

e. Four ducted propellers mounted on a fuselaye, replacing wings and
tail surfaces.

Plan view and side view drawings of these configurations are shown in
Figures 1 through S.

Preliminary design studies have been carried out to the extent that

both hovering and forward flight characteristics of each configuration
were calculated. The following major design areas were investigated:
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CONFIDENTIAL

a, ’.' aun 10y 18.0? J 1«
.s CJ" 3 L R et
o 0o d ° ) oy H AR N o
b' Tolal soxer ™ ~go 4
ile LG
. f!‘t' se s
Vo s r "¢
~ t* .. a0 00 O
. “ -
i . »
o« 2N0%cCr.
0 MO
g esipgn Frocedunr
Ag - 8 o Fige® o0 v rotho moelsht Lifieg
at 3)0% | RAY n e i . Lot b’ ? ! w " neaqg o erins
J ;
ditions with ., Ay 3 4l ey tanidardg day for n range »f disx
oacin, g, Th rICDONCT M 0 © e gleicea was ir
Creased B b L0 provide lor wer ! N [ W ht and
horsepower r reg per s S 1w satled and A Jenermn
P { i > LAY ] . - . v 1 o}
contluration ceterminod 7 e Ut uifter cest whrough
i .
AN C ¢ oalsk Jomitr 5 R 3F 2878 ee D2, CH, Al N
I ‘ . - ™ e . -
point. threec of these cesiync were 2liminated from Curther investigatior
N 3 . L o . y ;
by a prelinminary analysis and comparison of gross welyhts, comp.exity
2 p] . AN . ! 2 . '] 1l
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The norsepower resuired for hovering rius c.lmh was then used Lo compute
the marxinum forward velocity of the aircraflr in level fiight. This pre

cedure resulted in defining two cissinct tepes of aircraft one, a very
efficient hoverin, machine with 2 Jow digk icaains 1ow speecd, capable
of only short range, and somewhat .iynter than . ther type, which |
an aircraft renuirin,< preater horsepower to hover but has jreatly in-
creased speed and range capabilitie AR Opurations research analysis
(Reference 1) indieatea that the hicher speed longer range design will

perform the anticipated Weiyht Lifrer missions much more satisfactorily
than the low speed short ranye desipgn if the weight increase accompany-
ing the increased performance is not too ;reat. For this reason f{urther
design studies were performed only for the higher speed aircraft, for
which a break-even point was established between hovering efficiency and
range to determine the optimum aircraft for peneral service Stability
and control values were then determined for the configuration designated
by the performance optimization studies,
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4 Performance Calculation

.o ) Hovering
e Lhoom exrre L thersst (Y it { rod oo
hove r an x xprosgod a
lr 1}
Thry ” .‘.
e L e
Vower s A
where M Lo dofined flgur w r r hover. f ncy of t
proyeller, L should ue ted tha' the propel.er eff noy def ined
3 rreceeding tion origina..y refers to an unshrouded yropeller
~ 1
oWl sen wl.ca .0 ! For nyon.ence, Lhe
o definiti Wgee for u ro.ded prope.ier, In thi “age
B
however, ¢ idea ret vh.ue ws M N which exglains th
o rha rer I fact that t L.a wagun fr ¢ ¢ e ArLer
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A survej the avaliab.e static thrust data {or ducted propellers wa
conducted in order t tain a realistic value of fiyure of merit for a
Ve - - ¢ 1 oy v ‘o 1 A
ducted propeller of the type anticipated for the Weight Lifter, a
tated in Reference the maximum fi ure of merit of the ducted propel

lers tested by hriiger (Reference 6) was approximate.y 1.!5. It shouid
be noted, however, that this propellier-shroud combination was designed
for an advance rat f 0.95. It may be expccted that higher figure

{f merit can be obtained by usinyg a duct form which favors the lcw speed
range, possibly one which incorporates duct inlet flar References 3}
and 6). The cata of Reference tends t ibstantiate thi sumption
by indicating a figure of merit of 1.5 for a "short-cruise" shroud,

)ther test data analyzed in Reference 5 also indicate a similar range of
values for figure of merit.

From this survey it was assumed that a counterrotating ducted propeller
of a design suitable for a Weight Lifter type aircraft could produce a

figure of merit, including transmission losses, of

Mn, - 1.26%

(#Note. In the interim between the survey of the fipgure of merit des
cribed above and the publication of this report, further studies, in-
cluding a conference with the NACA (Reference 8), indicate that the max
imum value of figure of merit for counterrotating ducted propellers may

be of the order of
o | CONFIDENTIA
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As the direel selalionsnin toetlaven Lhe Figzore of srit 304 Lhe N I P3epoMe

roiLired 10 Kover the same ¢ oacd of tho craliguration: investigated
1L =ay een tlat altlering lhe Tigure of aofl® would 29t aflect the
selectllon oF the £331C welzhl (1T configsuration. A previsice of the
representalive oplimen Welght Lirfter (Fleure 19) on Uhe Lasis of Lhe
lower figure Of meril resultol in an increase of .Uf in the horsepower
regired o hover, from th satl Sect ios this resuils 1n a
rrosponding increase of approxtmate.y £ in the gr wolgnt of he
".rvl-_‘:‘l' ] =i IV‘, S ey ren o We we © 1.6 poNc s . ant aAns ™
vted poneily 18 CoLhterme e by meidLting the Twrl and Sl lang
W e atarn W¢ orlglinag of * U the range <0 Who alrceal’
¥iii Jdecrease ar rox.male, {. : 3K xas Lz LU may be seer
that {0 ¢ . l rit wer « v oW $ notl great.y affec’
v:‘ ll"l" '.- t‘ e " :- 3 “y -
. s 1 e ™ e 5 ovnr.e w 0 wa o Y T alr
39 NG C ! SR aee, H L} y Shrpet pgrasd
shosr® L, T TLNL ORer oY re¢ W0 T r V30 WAs inCrease?
o £ty allsw fop 0007 U power o ab,
Joven Jomard Fiaignt
The rerformance calcuiaty's ¢ o.evel foipght have been based .pon egua
ticng derjvead Ir mentam Wetry.,  This method neglected compressidbility
effects and Interlecrence effe-t etween ducied propei.urg it @ Lrox
infty to one ancther,

Three = thod { obtaining a comprnent of thrust to gsrovide forward pro
the nircralt were investigated Methoo | consists cf ti.ling
the ducted zropeilers Yorward, the forward component of the thrust vec
tor provides al! of the propulsive force. Method W allows the ducts to
tilt forwarc only enough to overcome their cwn momentum dra,;, additicral
nrojriasive force comes from pusher jpropeliers Method ¢ has the ducted
rropellers remain fi1xed in the hovering positicn ail propulsive force

is supvlied by pusher propellers

pulsion t

As the study progressed, the use of liftiryg surfaces in additicn to the
ducted propeller were found not to be practical and Methed 1, propulsion
only from the tilted ducts, resolved itself into a force system depictec
by the vector diagram shown in Fiyure ~. For this method K the thrust
vector must provide all lifting force and propulsive force components.
From the vector diagram and momentum theory,

T (b +D, sina) * (W, + L. cosa) mV +mV - °nVVsina
e 1 G 1 o] e oe
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This équation can bé rwiyced to

c.i L S :o.‘;‘ ) - € - (C. ’ ’!‘ O L.u%,
v-l -(’ 0-0

by introducing the nondimensional couffriclents

']
€
B
0
and . AU
| B .
b"

Tre coef icient ¥ correaponis 20 the 1L coafficient 0F conventional
Hfting surfaces. The ahov mtion pormits the calculation of the
duct exit to free streas vejocily ratio, ¢, unction of disk load-
ing, free strea= velocity, external and {nternal drag.

From <womentum theory

nower ) m/2 (v ° -
: "{den] e ‘o

If n. and . are the propulsive and tranamission efficiercy respectivel;
L ® Py R ¥ v

horsepower retulred for level flight becomes

b E 0 e —

This equation can be exrressed similarly to that for hovering by the in-
troduction of a nondimensional value, T, which represents a fipure of
merit for forward flight. Horsepower recuired for level flight then be-

comes

e

Wy W
Stnm, %

n

(HP); o

where
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A carpet plot of BP required for love. Flight i shown for Mew.od | ay
3 function of disk loading and forwasd velocity in figure 6. For this
“‘-’i“], - !’— !n-l7 Teds ajsumecd L0 e U,05.
zecans L0 sroviding forward propu 3. descrived above has a
tilar dopivation ags shown Tor ¥elhod . and jroduces the wxpression
C" e - o N A 4 Y
rseroNe s ronLirvd for t $.CLad 110 lor in lovel £iAL |
'll ‘v‘v \ \
} — e -
L 9 A v 4
ot vy !
reeposwer resuired for Wie pusher fprogpelier |
)
L '.n
HP). . ,_’:), -
“ PP » Y

forward Lilt angle necessary for the cucted propeller to overcome its

momentun arag 8 glven by Lhe expression

tan ¢

et ™

It may be seen that the second method has no advantage over the first, as
the rearward vector of the momentum change through the ducted propellers
contributes the jsreatest portion of the aircraft drag. The ducts would
have to be tilted forward very nearly the same amount to overcome the

duct momentum drag as for the total aircraft arag. The calculations
comparing the two methods show nearly identical values for horseposer
recuired, and the extra weight and cumplexity of the powerplant and drive
system for the pusher propellers would be a disadvantage when comparing

methods.

The third method proposed, which would provide all forward propulsion by
pusher propellers, yields the expression
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The horsepower re uired for the duictled projeller i expressed by
w7 /
HP)., - ~ < -
L2 ] L " 4
4 AN R, i /

tr ”~

The horsepower ruiulimud for e pusher jroje.ler i

\
i ¢+ C
/ .ﬂ", o
HE #| em———— y
B 50)n N \
PF Pur ¥

X tova. horselower ronuimod wag caiculated for thls method using the
ame values as thase used for Methods | ane ¢ descrided above, A carpel
gragh 0f totlal horsepower restired wan rlotied ag a function of dlsk lond-
-

{ng anc forwant speed in JFigsure .

R comparison detwoen Methos 1, which tilts the ducts for forward propul-
ion, and Metnod 3, which uses oniy rusher propellers for forward pro-
pulsion, shows the great agvantage of tilting the ducted propeilers for
forward flight. At tne higher disxz loadings and higher speeds, the fixed

dicts ans pusher rropeller combination resuires 50f to E0K more horse-

(%3

power than the tilting ducet design.

An investigation of ducted propeller shroud profile shapes and chord
lensths (Reference 6) Indlcated that a short-chord, thin airfoil section
shroud was the most efficient for forward fliyht. For hovering con-
ditions, a large radius or bell-mouth inlet is the most efficient. He-
cent tests (Reference 9) show that the effects of duct inlet confijura-
tion on performance at high forward speeds are less critical at high disk
loadings. From these considerations, an average thickness profile shape
was assumed for the purposes of this study. Such a auct could bc supple-
mented in hovering with inlet flaps or a pneumatic leadin,; edze. The
data of Reference ¢ indicated 1ittle change in performance for shroud
chords as short as 18% of the propeller diameter. For this study, a
chord length of 0.18D was used for calculating aircraft performance and

duct weights.

Evaluation of test Jdata and preliminary numerical studies indicate that
values of duct internal drag coefficient, CD , of approximately 0.080 to
i

to 0.095 must be expected. The calculations of this study have been
based upon

C,_= 0.1
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tack, Wwo Tlat plate area Srag of the ducls in the hovering position wa

1364 as a conservalive approx:imatlion of eslermal drag for ali performarnce
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L0 welpeht, desipnated Re, 1o used e hasic nre throuyh which aero
dvnanic and welght equat : R 7 {multaneousiy by a graghical
ntersection method. FPi ¢ this rasl iution ar rown in Fip
ires 10 ana 11, Zxaminatio: Lhes: irves reveals the oplimum point
at relatively low aisr loading Th \oadings anc pross welight
produce rather low speeds and short ranges, as determined from the carpe!
tlots of horsepower resuired for forward {light (Fisures £ and 9

As a result of the previously mentioned opecrations researcn investigation
and the lack of a specified mission radius of action, a criterion based
on tons of payload, fliyht distance, and gross weight was established as

ton-n.mi
T max
4

To accomplish this optimization, the flight distance (range) to gross
weight ratio, R/W,, was plotted as a function of time of flight for a
range of payloadsuand disk loadings from the Rn vs gross weight curves.
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w, OESIOK STULIES

wel Configurmation lavestisation:

The fisat confissmtion study wag uaderladen £0r a lealgn wiLles =0unts )
LU JeCled §rofw,sord, GNe at cach ¥in tly o A raller svcntlliona;
trangport tyge alpepalt, az snown i Floure .,

The horserower feccimed Tor hovering was ca.culated as dlic.ssed ln Se
tion d.i.l, atd fliotwed {n cammt Torm v funclion of rods weigsht and
37 .vd}{:‘-f: S PRe,0). B ‘;.:::; o‘:i «1CAH L0 Al 'J-".f.tf‘.rh' 018
At g assumed that varying the number 0 duCly necCessary Lo achleve

a plven total ¢lge area lowy nol affect the Ooveral. Tigurve of merit Or

the tranamizssion efflciency of U.atl total alsk area,

The {nvestigation conductee Lo cotermine wing stzo, weight, and jerfor
zance indicatea that any wing 0f reazonavle slie, c¢ven oiulpped with
ek 130t gevicos, woLlg Legin t L3 0t We 2a'or sortl nf the alr-
craft welght only when syeeccs are reached which compel he Liper ox
Lteenity ol a sjeed sgectirun compatibie wilh a Welght Lifter Lype Opern
tion. The uie of a wing on a Welght Lifter, then, preseats a paradox.
The addition 07 a wing L0 the afreraft increanes the gross welght and
conser.ently, the horsepower reyired 10 hover, wnce the altreralt has

acceierated 1o a velocity where Lhe wings are capadbie of supporting the
crower instailed to hover tz then avajladle

.10 load, the ageitiosnal hor $
to continue accelerating L0 a much hipher velocity., The winged confip
uration thus aencs 1tselfl to the assanlt transport type alreraft with
ts higher gpeeds ana lony ranses, rather than to a weight Lifter where
overing anc low speee forward £iht constitutes a large pare of the

[l S Y -
'nh . 4 A,.:o' v .'c"o

[ .

P

Another winges desipn was investipated in which two ducted propellers
were mounted on cither side of the fuselape hetween two wings in a canard
conf{,uration, as shown in Wiyure .. The resuit of this stuey was less
satisfactory than for the wingtip-mounted ducted proyeilers described
above, as the two smaller wings would re:wire a larger tota: area than
the single wing to produce the same 1ift. This design has an additional
disadvantage, inherent in canard confi;urations, in that the rear wing
is in the influence of the f{ront wing. kven more significant in this
case would be the effect of the inlet and exit flows of the ducted pro-
pellers on the wings, as well as the effect of the front wing on the
duct inlet conditions,

A delta shaped flying wing with three ducted propellers imbedded in the
wing, as shown in Figure 3, was analyzed and found rather poorly suited
for Weight Lifter operations. Lower 1ift coefficients can be expected
from this shape wing: therefore, larger areas or even higher speeds
would be necessary to support the aircraft weight. The ducted propeller
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regunagancy o! the propeller drive syvstems ang tiltin echanism na the
increased fuselaye structure necessary t ipport the four ducted pro-
.'“LL‘I‘
The four-duct design has the aavantaye of not requiring reaction control

for hoveriny, nor control surfaces during forward flight All control
I moments are penerated by differential control of the four ducted propel-
lers.

conrmzmm#




V
CONFIDENTIAL

— 3
L /; L ”
v >0 1] ¥ '/
¢ i
1 ] [] » . - -
H 1 % 4
L A f' L " *
9
’ . 3 ) ,
- o [
i ]
7 -
1 ] L ] L ]
- ¢ -
¢ Al a7
P 8 & 2 r reand
» [} '3
v [ ' p » ¢ ™ . .
. L] r
c . ' o
Ty t " " X_ s{ sl
. - it R ') ) W G t
A‘ . [y
Yol U™ ~ " ' [} W r ot ’ ~ony P . .
A ctnfled we L hreagdow: | W ecLiylr this report
k 4 MR % 4 1| ‘ r { [ Y [ .‘ l‘ 4 h ry l,
~ iOWT, d¢ Lo ¢ e 2.0° e ’ vier
rcraft
the curv Dot fuel av i t I woint rat « e, HOWHD 1N
*l;ure throu:sh indicate that the (w0 Zuctl no-win,” «esl in
carry the largest fuel supply for the cisk 1o0adi: ine payloads in

o

vestijated, The larger fue upyly provides this cvesign with the great
est range to gross weight ratio, which i1n turn is necessary to obtain
the maximum value for the paylcad ton-mile per pound gross weight cri-
terion discussed in Section 3.u.3.

The mutual interference tetween ducted propellers located in the vicinity
of one another is a condition for which no method of evaluation is avai.-
able. It is believed, however, that interference between the front and

=
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roar palrs Of ducted propellers of the Tour-ducl deslgn is possidle in
forvand flight, Thls interference would retuire additional pover to
replace any loss of effectiveness incurred.,

e inveslisations conduscled Lo delermine an oplim.m Weight Lifler con
fleuralion 1adicate thal the w0 duclod [ rujeller, no-wing design 185 Wie

2031 satl "V‘!.ut‘.‘, dJeslgr, solytion.

weld Purther _egign of Two-uucl Lonfiguration

with the selection 0F trhe twu-duct, o0-wing configsuration as the optimus

Wolght Lifter, further deslyn studloes were carpied on for this configura-
tlon only., These studles were jerformed 0 ontimize the fndividual

TUNILL meard 10 perfomance, (Jrosa welght,

fuactiona of the afrcra

tility, and almpiic!iyy

Poserylant cocation

PR

For W.is study the only rowurylant conuldered saltisfactory 10 c¢rive the

ducted propeliers was the gfeames gas turnine. This engline has a very

high thrust to welpght ratio an¢ a raplaiy improving srecific fuei con-
sumption. The srecific fuel consumption assumed in this study was 0,55
1b, HP-hr, which has deern predicted for an engsine availadble in 1962 (Raf-
erences 2 and 5). No srecific engine make was uzed; rather, averayze
valies from all engines i the horsepower range anticinated were deter-
ained and used for the evaluations.

Two locations were availablie for instailing the engines of the two-duct
no-wing configuration. The alternatives were to mount the engines in
the centerbody of the ducts, or to install the engines in the fuselage.

The duct-mounted engines have the obvious advantage of direct drive
throuzgh the gear boxes to the propellers, eliminating long drive shafts
and angular drives with their complexdty and heavy weights. Duct-mounted
engines are located so that the engine weight counteracts a portion of
the 1ift from the ducted rropellers, thus reducing the duct supporting
structure weight. The residual thrust from the engine is always dir-
ected so that it supplements the proreller thrust,

The duct-mounted engines also have certain disadvantages. The lengths
of the shaft turbine engines applicable for this aircraft are in the 10
to 12 foot range, and the addition of a contrarotation gear box further
lengthens the unit. Also, preliminary theoretical investigations being
conducted by this contractor indicate that the best location of the pro-
pellers in a duct is very near the duct exit; thus it is difficult to
install the engzines in the duct centerbody and maintain clearance with
the ground. A small ground clearance would :ot appear satisfactory be-
cause of the effects of the force and heat of the jet blast impinging
directly on either prepared or unprepared surfaces.
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IL {8 necessary to til! the ducted projellers aboul a point on the duct
in orter to prevent the Lilting of Wie duct Trom shifting the thrust vec-
tor Lo such an cxleat thal an unsatisfactlory =moment {35 créaled by the
mizaliznment of the Whrust veclor wilk Lhe alreraft centor 0f ‘ravily,
as zhowm {n Section ¢... Thc ceftlor 07 =a8s 0F Lhe ongines ausl he!

be ralsed through the arc of re duct Lill angle from {1y poxition be-
lovw the ducly {n hovering Lo a position aft of the ducly for forvard
flight, This contor of mass locatod aft of the duct tilting pivol cor-
resporads L0 a ductl plitcheup noment, and thus adds Lo the acrodyraalic
duct pllche-uy momenl predent i Torward Clight. Therefore, additional
stesctural wolgsht 13 necessary (o wilistand the mamenl mposed uporn Lhe
dictl tilting plvol wiwn the ducled profeilers are tilted for forward
fligne,

The ducted rropeller offlciency ~o.ld be lowered samewhat by the presence
of the large centerbody containing the powerplanis {n the ducted progel-
ter slipatrean. This condition {z similar Lo the effect of a nacelle
rlaced sehine an unshroudes proje.ler (Beferences il ane 1), The pros-
erce 07 a large centartody in the ducl reduces the effectlive cucl area,
angd in order 10 provide the roquired mass flow through the duct, the
duct c¢iameter must then se !ncreascc to account for the loss in area due
to the ceatervody. Zven a smail increase In cucl diameter requirvs a
significant Increase in gross welpht due 0 the lncrease !n duct circum-
ference, propeller dinmmter, an¢ cear dox slies,

The necessity for some dogree 0F safedly !n the cvent of an cenglne failure
dictates a ~multi-enyine requirement, {n onder that some power be avalil-
able to aeffect an emerpency langing. Although two or more engines could
be grouped together in the centerbody of each ductl, the penaliy for fail-
sre 07 a sinele engine would be esuivalent Lo the loas of two enyines, as
rower must be reduced on the opposite sice of the alrcraft to maintain a
level attitude.

The location of the powerplants in the ducls nearly precludes any use

of residual thrust or compressor bleed air for pitching moment reaction
control purposes during hovering flight. A turbojet ensine would be re-
quired to provide the necessary pitch control forces,

Fuselage-mounted powerplants have the advantage of a fixed position, with
resultant lighter mounting weights ana reduction of vibration problems.
Installing the engines in the fuselage allows the duct centerbody to re-
main small, thereby reducing the duct centerbody losses and increasing
the effective duct area.

Grouping the engines in the fuselage parallel to the longitudinal axis

provides a situation where the residual jet flow of the several engines
may be ducted together to the aft of the aircraft to provide additional
thrust for forward flight and forces for reaction controls during hover-
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ing. 8y interconnceting We seveoral ory ines necessary L0 provide the
roysired hopsepomer, failure of ono ey ine does not requlre a fNruer
reduction in poucr to maintain stabilivy,

A serious problea confronting lurbine oryg lnes oparating from unprepared
surfaces 13 the ingestion of foreign obfecls Into We engine inlct. In-
stalling the engines and Wie ergine Inlot duct at the top of e fuselage
places the engdine 1alake In the area nost protectled fram Objects Uirowm
into e ale by the ducted propeller sl lpastrean,

The greatest difficulties cncountaorud from use of the fuselage-aounted
engines sten fron the long drive zhafls and oxira goar boxes mCe33ary
to transnit the power to the progullers,

From the preceding analysis of rowerplant Location with pegard to the
Welght Lifter specifications, the fuielage-mouinted orng ines were selected
as the a0at satisfactory comjro=ise of the factors (nwolved. A prelial-
nary welght analysls of the req.ired drive shafting indicated a weight
equal L0 ap;roximately two purcent of the alrcraft groas welght (see Sec-
tion 5). It may be assawrd that the effect of this weipht woulc be
counteracted by the {ncruased efficiency of the ductled progellers as a
pesslt of a gmall centerbody and the lighter ducted rrogyeller assesbly
poagidle through the reduction in dlameter.

£ 3L Residual Thrust Utilizat!ion

Tre reslidual thrust from the shalt turbine powerplants was computed as
an average of several makes of englnes i{n the horsepower range contenm-
plated, anc was found to average O.co 1b of thrust per shaflt horsepower
(References 3 anc 13). As this thrust amounts to several thousand
pounds, a study was undertaken to cetermine how this force might best be
utilized to improve the aircraft's flight rerformance.

Aassunming fuselage-nounted engines, the result of the study produced a
system of ducting the residual jet flow of the several encines into a
common tailpipe which extends to the aft of the aircraft, The tailpipe
nozzle would act as a thrust diverter, and allow the thrust to act in a
longitudinal direction for supplementing forward flight propulsion, or
divert the thrust vector to produce control moments during hovering
flight. This nozzle system may be visualized as a modification of the
reaction control nozzle designed for the Hiller X-10 tiltwing aircraft
(Reference 14). Incomplete tests of the X-18 deflection nozzle indicate
ducting and turning losses of approximately seven percent. For this
study, ten percent reaction control losses were assumed.

Sample calculations of the control moments required for hovering (see
Section 6) indicate that sufficient residual thrust is available at the
reaction control nozzle to provide pitch and yaw control as well as a
balancing force to counteract the moment produced by the maximum allow-
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adle Wirust veclor ang aircraft centor OF gravity nizaliznmenl, Approx-
{mately one-third oF Wie residual Whrust can b ulilized for the purpose
of balancing any aoment induced by ducled propeller thrust., 3y a fudi-
cious location of the alrcraft centor OF gravity, the rosidual balancing
theest can be 20:U 0ftén uzed a3 a lifting Yorce durlng hovering., This
hovering control syzlen is considered iite officient, as 1t utillzes a
byeproduct (resicual Whirust) ay 1ty sousrce of power, and offers aglti-
engine reliadlility as well., The alternate control systems often pro-
osed for YTOL alrcerafl call For the adeition of a turdofetl engine or

Ve
the use Of urdbline compressor air dleed, with tnelr respective disag- ’
vantages,
Reslzual thrust actling parailel 10 We .ongliudinal axis in Torwacnce
Fileht sipploments e projulalive force of the cucted propeller; the
oz ting fncrease ln Tomward ve.ocity e significant, as may be
3¢ y comparing Fleure ard 5. Az an acsitional advantage, the

? (]
rien s ne

residual thrust rroduces a nose-down or stanlilizing pltching moment (gee

Seztion G.w ).

-
eiimizing ~ign Loacing

ne horgepower L0 gross welgnt matio rejulrec for forward flight was re-
calc.lated, utilizing the effect of the shaft wurbine residual thruse,
The residual thrust wags taxen into account as a force acting opposite to
the exlernal dray force. The rmormentunm enuation used Lo determine the
dgucted rrofmller exit 0 inlet velocity ratio, ¢, was rnocified to in-

3 : :
clige the resicual thr.st, [,, a

2 T \
4
e KA-,JCN -t -¢ |0 - —— i+

3 i
"i/ “e AV /
\ e’ P

As T, = 0.20 HP reguired, the above ejuation reduces to

2

~

0.9035L =60 o6 (Cn - 0.0129 !\‘w_e> = ¥+ 0.25 <cD - 0.0129 YE)
e e

Curves of ¢ and T as a function of Y are shown in Figures 13 and 1L, res-
pectively, from which the horsepower required for forward flight was cal-
culated and plotted in Figure 15. Utilizing the residual thrust, the
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. o! . 1 ras f‘ r 3 welsht
W i e 1'o¢lae r the In
4 s 4 . ro’s r diameter
i ) p ir
- ~ t foel M .»v';\ﬂl‘ 1ed.
. g r diameler recified for
3 exces t r t ‘rest ,ross wely,sht amachines
' ) L i L oincrea R4 isK
! O, W w  cean the reculmed ;o r diameter
Wl 4 Incey 1 ,'rogs welgsht 19 shown {n Fig-
i " their effecis on the drive systen and weight computations
- -

p]
A}
~
Al

—

ingrrorellers were assumed in the design study. Counter
C rrogelilers are expected to provide an increase in propulsive
friciency of 108 above that of a single rotating rropeller due to the
l e of rotation of the propeller slipstream. It is also anticipated

that t ounter-rotating jrojellers will avoid large ;yroscopic moments
icting on the aircraft due to angular velocities of the aircraft in pitch
r roll. Jome degree of cross courling between roll ana yaw can be pre
vented by counter rotation, in that a differential thrust variation for
r will nave no torque effects and thereby no resultant yawinpy moment.
U3 Uecper Lucts
I The use of counter-rotating propellers prompted a further investigation

(5

the shiroud length. The very short-chord shroud design originally
iesignated for this study appears insufficient to properly enclose the

| 2 CONFIDENTIA
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lange counter-rotating projellers necessary for the two-duct conllgura-
tion., A furllep luvestigation of =orc pregent sludios 'tofc:vﬁcc 12)
indicates that lomger cromd Sucla =ay e neCegsary 0 maintain high ef-
gic fgan rtiz reason, C,00 0 U, 300 duets are row specified for
the Wolght Lifler stugy,
000 Sic vized Jrag Analyasis
The cue 0F longer Qucly e red A re=ovd.Latlen of Wie oxlaraal deag,
Jecn.ge the dra; irals ank rebLll vo Leern neCesgarily juestionadble,
$lacugsed 1o Jection J.,.o, JgLhar offurt stat . ish a drag
}rficient Ly tho pame moliiod wag n0% alle yled; father, e ¢ffoct on
foruamgy Tlightl jerfomance was fnvest ted for a range 0f external dray
Yaieog, This study indicated that oxternal drag has no effect on the
vaswe OF optlaum dlse oading, Maxismus Yorwand 0. L6l veiocity and
range ame the only charactertstics varied by changing ihe external drag.
Jecanae he OftiA 3 Y YL Lncarencent 0F cxlerna. drag, the
novering charactaristics resaln fixed. As the welight Lifter study is

based .pon hovering seorformance, the resiiting speed and range variation
with externa.l drag become sucondary effects; therofore, the optimum
configuration remalins valiz for the range of extemal drag values even
though the exact raximum veloci:y anc range !s not gnown., The drag
analysis lncdicated that a ten jercent wariation In extermal drag creates
a corresyoncing seven percent variation in maxinmum velocity at the opii-
mus ol LQJJ.F.Q.

AS A result of the above coﬂs derat.ons the forward flight performance

ro-aing based upon an external irag coefficient of

C * U, ce,

we3d.7 Angle of Zuct Tilt in Forward lisht

As mentioned previously, the optimum cisk loading an¢ maximum forward
alrcraft velo:ity are constant for the range of Weight Lifter gross
weights, The value

= 0.98

is then a fixed value for the maximum velocity at all gross weights.
The angle that the ducted propeller centerline is tilted forwerd from
the vertical, a, can then be read from the plot of a vs ¥, on the
"residual thrust included" curve (Figure 18). The angle of forward
tilt of the ducted propellers for maximum velocity is

= 55°
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wedo &  Mutual Interference iffects of Jucts in Closo Proximity

An atlempl o delemine the magnitude of e =mutual interference of
ducted propellers operating o close proxinitly to oné anothér was made

{n which the axial velocity component of a &icled progeller in the hover-
ing congition was represented by the ax!al velocity camponent of a vor-
tex ring (Reference 16;,. To nrka. vslocily at a location corresponding
Lo the centeriing 0f one dicl appears W be affecled less than one per-
centl as the mes.ltl of the operation of whe otner ducled progeller., (n
the basis of this :rc;‘~"n:j stugy, the effect of the nulual Interfer-

ence betwwon ducled yrogellery in hovering was neglected. No method
exists for :c:urﬂin:ng the interference in forward flizht.

we 3.5 Puselage lesign

The adbility to load and transport duicgy 'ar 0 {3 anticipated as forming
the =a'or part of a Wolght Lifter's oferat! ane this resulrement dic-
ated & (arle-volune CAarg0 compartment for a*. hoa sinisux amount of

srecia. loaging o7uigment wOuL De n0CeS3Ary. A prelininary sucvey of

existing cargo alrcraft was made, and {t was delermined that for the
Welght Lifter, the cargo compartment voiume Lo rayload welght ratio
w0ulc be arproximately two o three times that of present allitary {ixed
wing cargo aircraft (Reference l7), and somewhat greater than helicopter
cargo atreraft (3eference 12

The fuse.age desigr was nodified 50 as to raxe the dest usa of the luse-
lage engine mounting anc taligire system; the final design, then, became

a large caracity pod-type body with a single large boom containing the
engines and tal‘yi,e extending aft from the top of the pod. The emgennage
is mounted above the aft end of trhe boom, 0 remain as free as possible
from the effects of the ducted proreller wake.

Cargo may be loaded from both the front and rear of the fuselage, with
an oversized door anc loading ramp at the rear. For the larger aircraft
cdesigned for the higher payloads, the fuselage height is sufficient to
allow a hinged floor to be positioned so as to provide two levels for
transporting large numbers of troops.

L.3.10 Cockpit Design

It is forseen that the Weight Lifter would perform many operations simi-
lar to those required of large helicopters; therefore, it is necessary
to provide pilot visibility comparablie to Lhat of a helicopter. The
cockpit was extended forward beyond the main fuselage structure, pro-
viding vision downward and to the sides through a helicopter-type trans-
parent nose section.
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The ducted proge.lce supporting struclyre vas rodosismed LO avold a
¥y

sing.c pivol joint nLing 6n the #ide of lhe ducl as shown in Flgure

&, W th e avy . rust : tagct L of ke duct al ¥is) OlNic ;,b;' L

n it reaference, Wity support systen woulld roiuire 3 heavy duct

steucture L0 malntaln duct rigtdity. The sow support strsCture beCaae

3 Yestrutl from Lhe 0 )f Lhe fuselage L0 We dgucl centernody where |t

Joired a horizonta. =ember from the center of the fuselage, as shown !n

Steipe 17, For tily supsort armngornatl, the duct tilts about the hori-

Zonta; merber whil 4oL ing ¢ { steaty atl tha ducl contorhody.

Lo suprort FiClau MAg iaced above We duct tn an offort Lo ainialze

the drag efTecis 0y local the strits in the lower velocity alrstreas

avoul the lel or i the noer Yo, ticy encountered at W

duct exit. A Jof ‘g Wu L cavring (o Zed ag a presult of this

red Be

s Jea '._,i; v'd 17 t v

Az a regllt of sticles of ¢ Whruatl veclor and o realduay Lhrust
incings potenting, ft w totar=ined that t ircrafl center of grav

{1y could de n.iowed L0 vary wo feel lonsltudinally while maintaining

1 controllanie moment at both hoverti: nd forwarg fitght condltions.

Tals CG ahifL | sarable to that limit 10, Leh for present ixed

wing cargo alreeaflt, A vert £t C3 appears not to be critical

in 1ta relationship with the thrust veclor thpoughoutl the reauired range

¢ duct tilt angles.

we3.13 Projeller Wage Leflection

A3 mentioned previously, a conventionil horizontal stabiliser anu ele-
vator are resuired for the optimuna Weipht Lifter confiuration to provide
lonsitudinal stabhility anag pitehing moment control iuring forward flight.
The effectiveness of the horivontal tail is dependent on the ducted pro
peller wake conditions at the tail location.

In order that the tail section mi,zht be placed out of the direct downwash
effect of the slipstream the slipstream deflection of the ducted pro-
peller in forward flight was investizated. The deflection was only ap-
proximated, due to the lack of information concerning the characteristics
of the airflow in the vicinity of a highly loaded ducted propeller.

The slipstream was approximated as the resultant of the ducted propeller
exit velocity and aircraft velocity components, as shown in the velocity
diagram in Fipgure 21. The angle 6, between the horizontal ana the re-
sultant slipstream can then be determined as a function of ¥ (Figure ¢l).
The most serious condition for providing clearance between the tail and
the slipstream occurs at the maximum forward flight velocity. At this
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condition, the angle 6 is a minisus, and the réar of tie duct {3 raised
Lo its highest position., [In this situation, with the slipstirean deflected
imnediately upon leaving the exit at the rvar of the duct, (L was de-
tlemined that the flow still passed well beneath the horizontal tall

20CAa3.00,

srther Jesign of Four-Duct Configuration

baebs
For rumoses of comparison, those design featuruvs discussed in Section
we § ¥hich woru i1¢a o a =duct configuration xvere lacorporated
! t dealier, 0w the iraving In Fleure . s, the hasis of
b . of ul, 4 revisc seish M By for he four-duct configuration
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5.  WEIGHT ANALYSIS

S.1 Introduction

The objective of this analysis is to compare the five Weight Lifter con-
figurations on the basis of aircraft gross weight., Because of the lack
of certain aerodynaaic as ue.. as structural cosign ir’ornatloq on this
5z£g_d! aircraft at present, a ainimus number o’ dealgﬁ parametors were
chosen to be used in the Ry Graphical Method (Reference 10) for develop-
ing an optisua JOGJ@_._

5.¢ Parametric Study and Application of Rp Available

A selection of four parameters is made in this study for the optimization
of a prelizinary Weight Lifter design. These four parameters, as shown
in matrix form below, are numbers of ducts, b; gross weight,Wg; payload,
P; and disk loading, w.

-3 'n’s, 1b P, 1b W, 1b/ft
716,100y
/ ,SO

\60, 0007

In the "Rp" Graphical Method, Rp, ratio of fuel weight to gross weight,
is used as a solution for a pair of simultaneous equations, namely, the
"Rp required" of the aerodynamic analysis and, "Rp available" of this
section. The point of intersection in each case represents the least
gross weight for that combination of payload, disk loading, and config-
uration. The optimization of a series of such combinations yields the
lowest gross weight, as shown in Figures 10 and 11.

As always, the cost of an aircraft is directly associated with its weight;

therefore, the advantage of choosing a configuration in preliminary de-
sign from the weight standpoint is obvious. This method also eliminates
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nuch ladorfous wory fnvo.ved in optialzing all We possible combinations.
To facilitate seiection of the best configumtion Wiis "fp" Graphical

Mathod 15 further dovelopod in Figires through 75 by comparing the
minizum £rosy weolght curves for difforent dide loadings and payl-ads.
e final outiame Lat e o durl ot ¥ing configiraticn aprears a

the best. The resuit of Wie optiatzation study by Lhe Hp amhod 15 listed
be jow,

P 7i0ad Two Umc Four Luct
LXTY AN 3 "- U A l““ & ¢

3 3

v i e u h e

GO 1h " “. 000 1d

3 3

% £e » 0.3 JH/ 0
30 000 ) w. ! | No Jata

3

" o' 148 }

5-3 ml':Lht' Saquations

For the conventional components and e:uipment of the aircraft, suitable
weiyht equations were adopted from Reference (0. If existing equations
did not apply, an ad'ustment was made by actually designing the uncon-
ventional component. A new weight equation was then introduced, either
by modifying the equations found in references to suit the provisional
design or by developing an entirely new equation. However, ror the sake
of accuracy the new eaquations generaliy were tested against those for
configurations of similar weight

In primary structures design an ultimate vertical load factor of 3.0 is
applied individually to the subjected component, while a vertical load
factor of 2.0 is considered plus either a side load factor of 1.5 or a
fore-aft load factor of 1.5. The allowables for stress are per Reference
18. For this preliminary design. thermal stress is not investigated, as
its effect will be negligible for the skin friction generated at the an-
ticipated flight speeds. Also. aercelastic problems are not included,

as they are beyond the scope of this study.

In deriving the Rp available equations, all the constants possible are
predetermined by a survey of other similar aircraft

8 CONFIDENTIAI.H
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Crox Weight = 000 b

Tip Sgced of Propeller - 800 fi/sec

All the opxpratio: assumed L0 e feprformad al sen level ynder standapd
concitions:
o U «JRIS r'
The equation for the ¢ross welight of the alrcralt can be writlen as
¥, - W * W, v P e XN, v X,
3 emp Ly C ¥ T
¥ho ™o
wﬂzrty exply welght of ajrcralt, 1b

A Cren welisht, it
P = payload, 1b
¥ fuel weipht, 1
w fuel tanz weight, b

The weights of components comprising total empty weight of the alrcraft
are listed as follows:

WR propeller weight (rotor weight), 1b
Y. = duct weight, 1b

W, wing weight, It

empennage weight, 1b

W, = fuselage weight, 1lb

W, = landing gear weight, 1b

W, = powerplant and accessories weight, lb

W_. = fixed equipment weight, 1b
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P . %
H“ = ajscellarnecous ftems weignt , lt

The ratio of alrcraft emply welght L0 gross weight is expressed by

§ Component Weights

g'

J

The weight of fuel and fual tank is obtlained by

LX) * » (] - - . -
i w?T *) ¥ 'cr;ly Hb
Since 'n'..,T is a function of Wy, then
w, = KW, ¢ 'u'..,:.

The assumption {s made that the jJet fuel weight is 6.5 lo per gallon,
and the tank weight is 0.5 1b per gallon; therefore

L= 0.9
Hence
' / W P
F ‘ , P empty c
= 0.945 a =" -W-L'- -
% \ % % LA /
or 7
RF-O.y‘H(L-RP-ﬂ-Rc)
5.3.1 Rotor Weight, W
R
1.8
o % [ar 825
WR = 0.797 -+ \m;o (Bl) See Reference S (1)
Where
AF = artivity factor
wG = gross weight, 1b

3
This term includes tilting mechanism, tail boom, and the miscellaneous
items shown in Sections 5.3.15 through 18.
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- o
¥ * dise loading by rotor area * i, 16/t

s
-

A ® area 2weut rot

3, = sumber 0f nlades, expressed a

Rg el )u A
o] . ol ‘e «l2/J be
i |-

AT)C, ¢ ; A . . i

LT 7.\ . 7\ Sve Fufors
k3 14 J.Uy*
7— T ance
{3
T, T
L ' o
Wrnere
I f.ow area ¢ esuivalent Fiat plate area of drag surface 25
C, aearn blade lift coefficlient o33 for optimun Cf ¢

.
n
+ = the ratio of slipslream ama downstrean t0 that of the pro-
n ’

reller = 1.0 for ducted propeilers with stralght exit ducting

v

: o
v downwash velocity, ft/sec —
¢ 0
w = effective disk loading, lb/ft

[ tip speed = 800 ft/sec

An AF value of 100 was chosen. This agrees with conventional recipro-
cating enygine propellers with disk loadings of about 85 1b/ft, which
corresponds to the average disk loading in this study.

Then from equation (1) q
1 1 .025
W = ) ft
_ ._G 10,200 b 1,5:’0 2
WR 0.0}lb o We m: + 137+w9 (3)
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¥,
J ) .
Ae T for flow area of single duct
[+
A R
o _flow area  l-(. S
T  rotor area Wok o

For hovering

T T :
I i e S

¥

(] \
The disk loading per hub, s i3 used for a counter-rotating progeller
¥herv
H for counter-rotation
Thus (3) becomes
4 )&
[R"]
( ; )
Y 1 00
" V] U,y <\ 44 XV
" 0.0 - e 2 . VIR rer ship
‘R ) w‘ e : [v 0 Utoow \‘} ’.ﬁ,h‘ g 8 ’
W)

NOTE: KR is Independent of b, number of ducts, which must not equal

zero in any case.

5.3.2 Transmission Weight, wT

The transmission weighl is based on the hovering condition. Reference

glves
.375
where -
Q = output shaft torque, ft-lb = 2 SOHP
n = number of installed engines
N = <O, (60)(800) _ 13,620

rpm = =
) D (A)'S
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D = diameter of propeller, 7t
For M~ flgure of maerit for static tnrust - 1,28 l
Rj 'vﬁ H; ¥
H ~ \i R i i 3 & :w L
o \% T Teno P
Thercfore
Hs\ -
3 *0.00833 \ v/
|
3“‘.‘5"&31'11.’3’: :( 10 (&)
0 w YO ¥ l
~ nel G
.“. O ).-N.( - p— ner %J.'
T ] 9 : |
. f
* h‘ a0
2 hi-. 3 av nn‘p
Ve /& —— —T? v e wita
& - o € p

5.3.)  Duct Weight, W.

Maintaining maximum stiffness at the propeller station of the duct is the
rajor criteria for the duct weight estimation, as any rubbing of propeller
blade tips arainst the shroud inner surface must not be permitted, There-
fore, the weight of duct varies with different types of supporis.

a, For ducts built into the {uselage, as in the three-duct configuration,
only the weight of centertody struts, (about 35% of total cduct weight)
remains the same as that for the strut-mounted ducts discussed in "b"
below. Total duct weight is reduced, as it partially becomes an integral
part of the fuselage.

- 1 051 .?H
Wy = 0.0665(4) % (i)

b, For two or four duct configurations the duct support adds little stiff-
ness.

Reference 1 expresses an equation for a similar configuration.

b 0.05L2(D)

6L00 1b
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Se3oh  Fuselagze ¥Welght, 'n'a

The fuselage weight equation for a hellcopwr §s expressed as

. 1009

%, * 0.159 .'A‘;;. Reference ¢ o)

Tor conventional fixed-wing fuselage design, the weight e¢quation is

W . " 09 = 3 7€

- 0 .ng ) * (% \ L

8 ¢ 0 [.“ Hed J

xhorve H wight, 3 = width, and L » length of fuselage

A sanple calculation {s shown below. To insure a conservative weight
estimate and Lo provice maximu= cargo space, these values were chosen:

Let = 30,16 L

For 'a'o = 100,000 15 and L = 100 ft

Hé = 9,200 1b, which agrees with the weight estimation in Figure
38, Reference 3

NOTZ:  For the four-duct configuration, because of structural requirements

» 069 ¢ \ .3
Wy = 0,159 ()% [L(aen)] *

5.3.5 Wing Weight, Ww

From Reference 3, utilizing a conventional type wing, the expression for
wing weight becomes

2.31 b
- 1 , _ 19.75
Ww T WG (u.95 + 3.6) —f-—— wal (78)
1 1
where
bl = span, ft
fl = design stress factor, see Figure 35, Reference 3
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uhiché for the exa=mple "3 of 160,000 ib ang a lox wing loading of 50
1b/f1¢ reduces to

0.7« )b
hh‘ —?— .‘j o)

&

. 3.6 Horlizontal Tall Welight, L

The welght analysls for the norizontal tall s the same as for the wing.
Shuation (7a) then reduces Lo

W —';— H'j . two ducts on wingtip
ol .
L —!'_- ""; ‘e LNo ducts on side

e Je !i.ortlcl‘k h.l ‘“’"i}')nt. w.’T

Since vertical tail welght ts a function of vertical tail area, speed,
and atmospheric conditions,

Then, based on Fijure 37 of Reference 3

Wy < 0,06k ()11 (v.)" (0)°%® (8)

where o = e . 1.0 at sea level

0
Va = velocity of aircraft, knots
At = vertical tail area, ft.2

The equation can be further reduced by the substitution
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O‘L'tu

vhere

L = length of luselage

Por design purposes, & = 0,027 for the two ducls on wingtip type, and
E * 0.03) for the two-duct no-uing type, by acrogymamic requirement.

5.3.6 landing Near Weight, .
&

Tor fixed landing goar e wolght vas detemined by the rolation

v ree 3400
¥, = 0.0337 (w.,)"° (Referonce
b J

Dede? :’:-'q’i»'a" .-.O;"’ ‘-’ ..‘.

Chart I of Heference i predicts the we!lyght of ahaflt turbine engines ug
to 1965, From this data a value of 0,}2 1b/MP i3 assumed for engines
produced later than 1%6<.

W, = 0,32 HP

I~

]
1.0 Wo(w. )
¢ G ye5
e 0.0089 W_(w)
0o < J

' 0.3‘.

5.3.10 Zngine Section Weight, W

£3
5
W, Lot .
wES = 0,053 ﬁ"-‘ (n) (Reference 2) H
Y e 1

LP = = =
m  LI6TH! 0.0317 wG(w)'50 0.0317(w)'bo

=
1

1.07 .535 , =07
g = 0.00126 (wG) (w) (n)

where n = number of engines # 0

31 CONFIDENTIA



CONFIDENTIAL

5.3.11 Starting Systen Weight, Was

£
O
(¥
(X4 = - .
..,33 ® V7N w: ,".".’(‘Nf;fl‘ ¢
=
0 0
;.“._\i‘\.‘w‘. w- "u
v
o3l O{]1 and 01l Tanxk Weight, W
'“' ! o;vn .ﬂ. .".ﬂf“!“"n"f‘

0.000% %, (%)"

5.3.13 Fixed Zquipment Weight, HFQ

This tern includes weight of instruments, flight controls, hydraulic and
electrical systems, furnishingss, and communications equipment.

W 1.93iw3)'° (Reference (%)

o

However, in order to include the weight of a helicopter type cabin, Zqua-
tion (%) is modified to

) 670 .
Weo = 38 (”c) (9b)

5.3.14 Boom and Exhaust Pipe Weight, wBP

This component is treated as a cantilever beam loaded by its own weight,

tail load, and thrust from the reaction controls. It is assumed that the
longerons are supported at intervals by light frames to insure stability.
For aerodynamic reasons a light sheet is chosen for the housing skin, as
a smooth surface is of greater importance than structural stability. Be-
cause of the low speed range of these designs, the thermal stress due to
boundary friction heating is not assumed to damage the skin. For prac-

tical design, the exhaust pipe and its insulation are estimated to weigh
19.3 1b/ft, and the boom to weigh 3.7 lb/ft (based on a 100,000 1b class
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‘i. L b .“
Wgp * 004 N, |

5.3.15 Gear Box Weight, ¥
g

The weight of the primary reduction gear dox iu incliuded fn the trans-
sisgion and ¢ngine soection, dul hé Mcight 0F Whe 1alerediale gear HOx
iz treated sefamtely and estiaated to bo

w <13 1o HP

The maln trans=ission shaft {z ceaigned to withstand bolh the torque Ar
fts own welght., It Iz aluo checked againat 1ls Trequency o avotid any

resonance khich woLld load 10 vibration., Yrom Lhosoe consideralions

5.3.17 Tilting Mechaniss ane ita accessories Welght HTZ"

Lo :00:5 W, per duct for two-duct conliguration
be 4

),0030 W, per duct for four-duct conrisuration
1

The constant is a result of a statistical survey, and is recommended due
to the fact that the screw jack is not only operated by a hvdraulic sys-
ten but also by an electric motor, with manual control in case the hy-
draullc system fails. Therefore, this estimated weight is justified for
the importance of its function.

5.3.1¢ Duct Supporting Strut Weight wDS

All the compression members in the strut system are pipes of steel alloy
with D/t< 50 to avoid a local crippling problem. This weight then be-
comes

st = 0.015 WG
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Suls Swmary

Sewel Ay Availavle Graphs

is a non-lineapr funclion of either dise loading or ¢ross welght., Empyy
Y pmoe ) ineae «

wolght 15 a functlon oF ¢ross weight, and numerica, caleulations show

that a variation in #» availadie chanses onlry the value of the emply

The A2 avallable curves 1n Figures 22 througn 75 shon that e avalladble

¥Olgnt L0 £rosy welght matlo, ¥, a3 may be seen from lhe 6iuation
R, .9 1 - R He - §
¢ '} c

fnn wilcn crew wolpght ane rayload can bo hald cornstant, The relationshif

doo
dbelwean R avaliadle and dlse (oading {2z Uwrefore also non-linear, as
glaz loading s a function OfF omptly welpht.

The ¢ inearity oF thene relntiongnips i3 a result of the complexity

of the weight equations for lhe enply welgsht coaponentls, and any increase
in elthar disx loading or grons welght or bHoth does rnot produce a corres-
ronding increase in Hp avaliable. However, the ratio of Re available te
gross welght for the disk loadings ranging from S0 wo 200 1b/r? s roarly
linear up to a crosg welght of 100 0G0 pounds. The Ry avallable equations
for the emptly we!l;ht components of the final configuration will be found
‘n Appendix > A,

Sxaninations of the Ry plots in #igures throush <5 reveal optimum
points at disk loadings which produce rathner low forward sgeeds and short
ranges. As explained in Secticn 3.u, an operations researcn investiga-
tion produced an optimization based on a criterion of maximum payload
ton-niles per pound gross welyht, also determined from these R curves,
This investigation indicated that an aircral: capable of higher speeds

and lonyser ranges would be more efficient for the anticipated Weight
Lifter mission. and the design was adjusted accordingly.

5.5.2 Selection of Confijuration by weisht Analysis Based on Same HP,
w, P and W
e}

Two-Duct on Wingtip Confipuration Figure 1 In general. the two-duct
configurations have a better Rp and Rp than the three-duct delta wing,

as the cargo space is better utilized in the fuselage. It is structurally
a transport, conventional both in arrangement and construction except for
the rotating ducts on the wing tips. Because of the redundancy in pro-
viding the lift necessary for forward flight by both duct and wing, the
combined weight does not recommend this configuration.
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™o=Dict Canard Cmﬂéarauon. Flgure ¢: This design 15 elizminates for
the sane reasons as Lhe conflguration shown In Figzure 1.

Threo-ouct Delia Wine, Zleume §: This conflguration is regarded as a
poor prospect, as s ﬁp and #p are 100 low o be considered practical.
The main reason for the s=all useful load {s the fact that struclurally
1t demands a redundancy of meabers L0 strengthen the three cut-outs for
installing ducted propellers {n the delta wing, In addition, e tri-
angular arrangement of Lhe three ducts leaves no optlismum availadle spaco
for intemal cargo ioading.

Four-Juct Mo-wWing Confisuration, ¥leure 5 Thls type was studles because
of Its simplicity, delng withodt either wing or norizontal tail., However,
tho axcessive welight of 1ts aft fuselage section sudjfects (L to the same
criticism as e delta wing, and the extra gsot of ductls and thelr acces-
gsories cancel out itz advantage over the two-duct configurations.

T™o-Duct No-Wing Confisuration, Fiysure Li: This type foatures two ducts
on struta, one on ¢ach slde of the fuselage. The elizination of the
entire wing stricture saves considerably in welght, and the use of a tall
boom inotead of aft fuuelage section {5 also weight-saving. Therefore,
this design iz chosen as best on a welght basis.

For purposes of comparison, a tabular weight componant summary will be
found in Appendix 5-3 for the configurations shown in ¥iysures 1, L, and S.
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APPENDIL 5-A: .‘1? AVALIABLE SQUATIONS

Two=luct Xo-Wing Confipguration

E P o."‘ -'“‘:‘:(P‘,,

Component

- - LS—-—;
¥iere A e 1€
] - J.J. & ,‘, : o s 40¢ J ] ‘ { ’ r
17 520 w/ 3i°0,59%
- R &y & .
L
. L.‘. =
4 )08l = sl
& ~
4
Lo /nou 1 T P »
19 Je d Loadt t R LY ruseiage
3 ) 3
The assumption {g made that H « B - 0.2650L, as the length
¢ the Tuselage {n Fijure L {3 assumed Lo be 0Of of that
¢ the other configurations, because of {ts tail doom,
3 .o . '; ()
n‘ 2q LY rixed Zquipmen
4

-.¢0

R. * 0.089 (A )7 (¥, Duct Assembly

osd
Rh 0.035L ({-}:/ (w)* Starting System
4
R, = 0.03L (WS,'O’B Landing Gear
RB 0.0092 (w)'l Engine, oil and
. | 0il tank
07
W
; G 535 .
R9 = 0.00126 | == (w) | Engine Section
R~ = 0.00096 (W )'32 | Transmission
10 * G '
Rll fl (WG) Horizontal Tail
Ry, = 0.0L48 Miscellaneous

| Items
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6.  STAIILITY AXD CONTROL

The stablility and control characteristics of the optiaus Weight Lifter
configuration have been detomined for a representativw alreraft which
carries the averase payload of 2,000 poun Js. ag shown in Tigure 19,

As the aircraft has been designed Lo grov ynifornly larger with increas-
ing rayload, the swability and control functionz calculated for he
average size aircrmaft are, i{n =mosl cases, directly applicable to the
other sizes. Those characteristics peculiar to alrcraft at the extremss
u" the size range werv *t.oczou o insure the suitadility of the principle

nvolved for a Weight Liftler throughouit the mnge of ¢ross weight.

6.1 Pltching ¥omoent of the Huzelage

The pitching =moment of the fuzelage was calculated by Munz's method,
corrected 'or body fineness ratio (Reference 1¢). The accuracy of Lhu:
fesull was considered satisfactory, for the effect of the ducted progel-
ler airflow or, the fusclage moments s ot known. As the fuselage ro-
nains at zero angle of attacx for all eruiliidbrium conditions, the cri-
terion established for aaximua fuselage pitching moment was the effect
sroduced by a 50 foot jer gsecond wertical pust encountered at the air-
craft maximum forward velocily of 150 knota. This condition results in
an angle of attack of aprroximately 1l degreces. The maximum [uselage

ritching moment for the representative Weight Lifter is then

% 5,000 ft-1b
The pust (and, therefore, the resulting angle of attack) was taken so as
to produce a positive pltching moment in order to add to the other un-
stable moments. In this manner the maximum stability requirement of the

aircraft is depicted.

6.2 Pitching Moment of the Duct

The pitching moment of the ducted propellers was determined from an in-
vestigation of the avallable test data. The Hiller Helicopters Flying
Platform truck test pitching moment data (Reference L) presented in Fig-
ure 26 represents the forward flight pitching moment characteristics of
a hovering or static type shroud. The NACA test data (Reference 22),
also presented in Figure 26, represents the pitching moment of a high
speed type shroud., As previouslx mentioned, the shroud envisioned for
the Welgpt Llrter would comprOmlse those extremes, therefore, an average

Lifter ducted propeller, as shown in Figure 26.

References L and 22 show a significant decrease in pitching moment with
increasing ducted propeller forward tilt angle. This further substantiates
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the decision that ullting e ducled progeller 1 Lhe most satizfaclory

e

solytion for producing a forvary propulsive force.

»

From the assumed Weight Lifter gt pliching aoment curve Flgure

the resulting piiching =oment. ¥ ? the o lod propel iers Al Lhe maxd
mn alperaft velocily and the gudt condl 1 described 1n Section O,
D0 o 3

X, y70. 000 - 1d
.

48 4 hudo-ul r pod 1ve R0een?

.} Pltching Moment due 13 Ther.st fecctor

The pltehing moment of tho nlroraft Gue ¢ slapiacement of the thrustl
voctor from the alrcealt contor 0f gravity can be foing Trom the Lhrust
¥eClor and tno allowa’ le Q) teave jlefinmd ta Section L. 7. As oL
=07 fricient 10 provide losn;it : ria e hovuring Cr ver-
tical flight wit 1{TLUne for ! the ¢ ection. the largest por
tion of the Ci range wn vani bahed aft of 4 vertical thrust vector.
his arrangement causes n nozo-u; tehing momnnt which requires a
1Hfting force from the residual thrust noszie for equilibrium. The CG
travel was limited w 1.5 feet aft the center!ine of the ducted pr
pellers in the hovering: pesitio wnd 0.5 feot forward of the centlerline.
This groportioning re:ulres onl; wnwns forces from the reaction
controls at the most forward C3, anc reasonadly obtained upward reacticn
forces at the most aft CG locaty it also utilizes a 1ifting force at

the tail throughout the greatest portion of the CG range.

This range of UJ locations was Touna to he uite feasihle. The three-
view drawing of the representative Weight Lifter shown in #ijure 19 de
picts the general arrangement of the major components which provides the
prorer center of gravity range.

The pitching moment due to the misalignment of the thrust vector and CG,
MT' for the maximum forward velocity hecomes

MT 175,000 ft 1b

for the most aft CG location.

6.4 Pitching Moment from Residual Thrust

The residual thrust is utilized both in hovering and forward flight as a
stabilizing moment. During hoveriny and vertical flight, the pitching
moment produced by the reaction control system must counteract the moment
created by the misalignment of the thrust vector and the aircraft CG
(Section 6.3). The representative Weight Lifter requires 2,600 pounds
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reaction control force o balance Wiis Whrest produted acment at the
2050 aft OF location., ireing forvard Flight the pesidual Wipastl vectlor
passes above We aireralft O theroby conlribuling o WY.c aircral’t o

stadllity, The mnoment proguced by the restid.al Weast i3 Tound ol
", 000 -,
"{ »

al the maxiaua Tlight ve L.

. Fliching Moment 07 whe Horizonta. Tal

neor cond.lions O magismua ruard ve . oty . a4 W Tt g0C vertica,
gusl, the totlal ritching moment contribull ’r e ted progedlurs,
theust slsallignment, an F v b ” St 3 A n0ge-up or
gositive aoment, A negative pltching moment due 0o the resldual thris®
reduces Wie forward 1l ht positive tohing aoment Ou Tuolt
which =ust be balanced by tne rizon? n ordor ¢ tabliah
equiliiriam in piteh,
:"o sllehin nomant ¥4 nOriaor . W ¢ i 3 At.. ire

pe 0F 0,06 for an napec’. 509 [ srface (Referunce ! I
¥a: agssumed that the ta rand an off ncy of

".. P

ihis efficlency tte arbltrary cue to the lack of information con
cernin, the warge of a hlghly ioaded ducted prope.ler. [t possible

that a variabic incidence horizontal taii would be rejuired to counteract
the variation in cownwas! as the <ucted propeller tiits to produce vari
ous flight speeds. The horicontal 1t oment amm for the representative
alreraft is 55 feet to the t rearward CG location. From the above
values, a horizontal tall area was cetemined which provides the neces-
sary esuilibrium,

The preceeding pitching moment characteristics of the Weipght Lifter re-
itire a horizontal stabilizer of approximately 3 square feet Lo produce
an equilibrium condition throughout the rance of f£li ht speeds. Lue to
the gross assumptions resuired to estimate the moments of a ducted pro-
reller type aircraft, no attempt was made to design the horizontal sta-
bilizer to meet static and dynamic stability requirements; rather, it
was felt sufficient to determine that a reasonably sized horizontal
stabilizer could apparently overccme the unstable pitching moments gen

erated by the ducted propellers and fuselage

6.7 Rolling Moment

The rolling moment in forward flight is generated by differential thrust
of the ducted propellers. This differential thrust is accomplished by
changing the collective pitch of the ducted propellers.
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0.8 Yawing Homent

Wion roll control ' apglied during forwary Flight, the roll-yaw cross
roupling ¥ill produce a yawing moment 0 less than 0.7 0F the aj4lied
*

0l .ine aomenl, This rosulis from e act Wat while lho ductled pro
pelicr 18 tiltled Yorwasd as =ach ogrees, U rcgsitant thrust
voClor 18 tlited “orward loyg: han | iegrees, Jie yauis aomentl in
diced by the poll control can e " ted cagi ¥ a 00 pound force

from We verlical tall.

0.y ¥orces MNecessary for Controi ring Hoverin. and Vertical Fiight
A invagtigation oF lho control graglonls avaliasic during hovering for
hollcoplers ang other proposcd vertical tarso-off cargo trangporty was
ronducted (Reforesces 3, .3, and .u) Lo detomine the forces necossary
for adeuale control oF the Welght Liftor durtn, hoverin, and vortical
fitght., The accelemtions dclemines eeaglt of Whis prellisinary
atsdy are e following

1) Piteh m~eaction control .3 mcian, second

7ax% reaction control 0.. radian/seccond

3) Roll dirfferential thrunt control .. radian/gecond
F iteh reaction © ntroi force 2 Lo 170l :radient of 0.
radlian/secona 3. »00 pounc ciinge Al the regiual Lhrust nozzle at
a ¢lstance of 09 feat from tim rmoal aft rcraft CG.

The yaw reaction control Yorce reculred to produce a O.. raclan/second
cragient is 3,400 pounds actin,: at 1t residual thrust nozzle,

As mentioned previously ¢,600 pounds of force at the reaction control
nozzle is required to halance the dicted propeller thrust misalignment
with the aircraft CG.

The total force required from the reaction control gystem as a result of
applying the pitch, yaw, and thrust balancing forces concurrently was
getermined to be 6,000 pounds. With the inclusion of the 10 percent
ducting and nozzle turning loss (Section 4.3.?) the residual thrust re-
nuired from the turboshaft powerplants must be a minimum of 7,200 peunds.
The representative aircraft reouires 28.500 horsepower; therefore, the
residual thrust becomes 0.26 x 28,500, or 7.400 pouncs. Thus it appears
that pitch and yaw control gradients which compare to those of a helicop-
ter and are similar to other VTOL designs can be generated using only the
residual thrust og the turboshaft engines. The required roll yradient of
0.2 radian/second® can be developed by a 5,100 pound thrust differential
between the ducted propellers, which corresponds to only a 5.5 percent
change in the minimum thrust required for hovering.
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7, CUNCLUSIONS AND RECUMMEXAT!GNS

‘.1 Final Configuration lescription

The Nolght Lifter prelininary design vas delomined as a result of an
analysls of Tive possidle configurations any a subseuent optinization
nvosligation of varlous paramelors for Wie zelcCled confizuration, The
firal configuration Is shown In Plyure 19 as consisting of a pod-and-
oor. fuselage upon which are mounted w0 ducted fropellers and conven-

tional horlzontal and vertical all mirface

The ductled profuilors are joxltloned horlgontally to provide direct [ifL

for hovering ang vertical Flight, and =ay %o tilted forwan! a maxiaua of
degress 0 provice forward ;ro;.lslor well., The counter-rotating

rojei.ers are povercvd Lhrough extension arlve adafts by several inter-
connected turbozhaflfl engined nosnted {n thw to; of the fuselage,

The pesidual Warast of the turdbozhalfit cny ines s ducted through the fuze-
1§ Pig o] E00R 10 a4 Lhrugl Jdivartinge nozzice Al lhe 4.". of U noom, and ;!’0‘
vides the pitch and yaw control forces in hovering. The tall mirfaces
famish piteh and yaw control in forwarg [lisht, while the residual
thrust iz utilized to supplement the forward propulsive force of the
tilted ducted propellers. Roll control is supplied by ¢ifferential

thrust of the ducted projellers {n both hovering and forward Ilight,

The large fuselage, with a cargo volume wo to three times that of exist-
ing Tixed wing transports, may be loacea through large coors at elther
end. A helicopter type pilots' compartment ls mounted at the nose of the
fuselage to provide a maximum Tleld of vislon for hovering and vertical
flight.

The Welght Lifter desiygn has been optimized at various overall sices to
accomodate the specified range of payload, as shown in the following table:

Payload 7 tons lo tons

dross weight 60.400 1b 135,000 1b

Power Required 18,200 HP L0, 800 HP

Jucted Propeller Dia. 18 £t 20.7 £t

Range 180 n.mi. 135 n.mi. (Reference,
Max. Yelocity 150 knots 150 knots  Flgure 27)

The three-view drawing shown in Figure 19 is a representative aircraft,
designed to accomodate an average payload of 11 tons.

The optimum disk loading was found to be 150 pounds per square foot, based
on a criterion of maximum payload ton-mile per unit gross weight.

A significant feature of the Weight Lifter design is the use of conven-
tional components and construction methods wherever possible, which con-
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tributes to lover cost and increazed roliability. An cxample of this s
the conventional variadle piteh rrojellers,

The Welght Lifter reqiires a relatively s=all site fros uhich to operate,
as ev!idenced Yy 'he representative urr-u.'l showm {n Flegure 15, which s
enconpassed In an ares with a diametler of approximately 100 feet. The

t

enclosure of the critical wiirling propellers In shrouds adds o the
suitability of the Welght Lifter for opcration i close guarters.

¢ Sypther Stugies HAccompended

A_lack of theoretical and exgerissntal infomation on ducled gm@;lcm
has necessitatec gross assumptions (n the %."wb&lio.uﬂ involved in this
aralysis of an optlimun w‘llsbl Lifwar :J...ig,rallo in order "u refine
this study and m aid future ducted progeller investigations, it is

recormanced tat both static anc uird t‘:.::ol testing be con .mcwo 1r. ag-

dition to theoretical research on the perfommance and stability of ducted
:N;'OL.OF&.
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Hiller Helicoplers Engireering Ulvision Seport No. 630.5, Contract
¥onr 1657(00), 15 lecemver 1955,
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) May 19%.
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3547, November 195S.

(23) Heinrich, A. M.: "Technical Report - Parametric Studies Pertaining
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ciple," Ryai Aeronautical Co. Report No. 8818-L, Contract Nonr
1710(00), 15 April 19%.

(24) Messinger, Carl, Aerodynamics Group Leader, Hiller Helicopters X-18
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FIGURE 6:

HORSEPOWER REQUIRED FOR HOVERING + 20% FOR CLIMB
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FIGURE

7
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VECTOR DIAGRAM OF FORCES (EQUILIBRIUM

CONDITION, LEVEL FLIGHT)
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FIGURE 8: HORSEPOWER REQUIRED FOR LEVEL FLIGHT; TILTING DUCT
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FIGURE 10: RF GRAPHICAL METHOD OPTIMUM DESIGN FOR TWO-DUCT, NO-WING WEIGHT LIFTER
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FIGURE 11: R’F GRAPHICAL METHOD OPTIMUM DESIGN FOR FOUR-DUCT WEIGHT LIFTER
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FIGURE 12: DISK LOADING FOR MAXIMUM RNG
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Velocity Ratio, e
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FIGURE 13:

DUCT EXIT TO FREE STREAM VELOCITY
RATIO FOR TILTING DUCTS + RESIDUAL THRUST
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Efficiency Factor For Forward Flight, <
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FIGURE 15: HORSEPOWFR REUIRED FOR LEVEL FLIGHTs TILTING DUCTS + RESIDUAL THRUST
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FIGURE 16: OPTIMUM WEIGHT LIFTER MAXIMUM LEVEL FLIGHT VELOCITY
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Propeller Diameter, ft
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FIGURE 17:
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FIGURE 18: DUCT TILT ANGLE FOR LEVEL FLIGHT

| . CONFIDENTIAL



CONFIDENTIAL

LYO, CALIPOODIA
lﬁ 5
Rt

Adllen

o
av— i

-
ol
!

FIGURE 19

. CONFIDENTIAL



‘.

CONFIDENTIAL

2
*'Is
Ne s
LER L
KRR
) :.(‘.'
ve 0 Dl
HEN
g;.‘t
\“': E‘)‘p [
B
a" X [g

FIGURE 20

CONFIDENTIAL



CONFIDENTIAL

S 14 122 2111 1131 -
- - e
v | B seofennnfuennefonne - vevfnnne sesfunew
] « 1] sfevnrfPrnnafunne ' tevnfessafrenafgony
3 LR 31 3
- ' \ . snenfen '
o0 gt ' ' e
v ' seufue "ew sheonnfrnned
eernl . ' sanfiee sennfen e
. ! { o3 34 e be348 1 & |
- PEERRS TR - -
' 1 v 14
HH ! { H 431
! ! ! 3l
] ! { 3
gesetannsdataajess ! ik 1
) 1] L] ] L ]
' L | ] [ LR
’ . Al 1]
~ ! , !
b 1 ] ] 1 ] 1] .
: ! { { $eos
’ 1 ] . 1]
[ 1 ] ‘
S cene . et g
! !
! ! {
l | es}
i } } !
. - v Sonnsfnvengns .o 11 17311 | 1 1
] { i Jlesegessopenasgencapeacefeocesy L
e 3 s £
n - s rve
b4 ! : 4. 5
© 3 B3 35t 34 coo e ryzo sasen 5
\ad . e . . snssfevscnfonnnfons l' .. [ e
L B 4
Sagiyes

FIGURE 21: SLIPSTREAM DEFLECTION OF A DUCTED PROPELLER IN FORWARD FLIGHT
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FIGURE 22: R.F AVAILABLE FOR VARIOUS AIRCRAFT CONFIQURATIONS;

EFFECTIVE DISK LOADING = 50 lb/ft,2

CONFIDENTIAL




CONFIDENTIAL

Rt e

-

!
' '
R T

R S

IOUS AIXCRAFT CONFIGURATIONS;

FFFECTIVE DISK LOADING

i

RL‘ AVAIIAAHAE K'uﬁ VAI'\

FIGURE .

courmcum’



CONFIDENTIAL

— 2 Duct, no wing
- == | Duct, no ving

- = 2 Duct, wingtip

FIGURE 24: RF AVAILAELE FOR VARIOUS AIRCRAFT CONFIGURATIONS;
EFFECTIVE DISK LOADING = 150 1b/ft°
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FIGURE 25: R} AVAILAELE  FOR VARIOUS AIRCRAFT CONFIGURATIONS;
EFFRCTIVE DISK LOADING - 200 1b/ft€
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FIGURE 26: DUCTED PROPELLER PITCHING MOMENT COEFF ICIENT
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FIGURE 27: VARIATION OF GROSS WEIGHT AND RANGE WITH
PAYLOAD FOR OPTIMUM DESIGN TWO-DUCT WEIGHT LIFTER
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